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This is a report of research activtt ies carried out duriw the third 

year of grarrt NsG 56-60 fran the  National Aeraaoautics a& Space Adm3.r~- 

b t ra t ion  t o  the Caltfornia Imti tute  of Techndlogg. 

The Summpxy of Research, Section 2, is attached separately 80 that 

it may be circulated separately to a limited number af persons if such 

b desired. 

in section 2.1, a d  is not par t icular ly  Intended f o r  dis t r ibut ion outside 

official NASA personnsl. We would welcome however, an opportunity t o  add 

to our regular mailing list additional names &ich m i g h t  be suggested so 

as t o  broaden the dbtribution at our preprjints. 

Tk i a  not a8 detailed a8 i n  the past, for reasom explained 

The research staff supported by the grant leveled off durirrg 1962. 

I n  fact, Qy the close of the year, the mber of f6Ll-fime personnel had 

been reduced samewhat. 

Walter Nichiporuk (Qembtrr), Howard Pan (Besearch Assistanb), and 

Doreen Borre ; l l i  (Technical. A i d e )  co&itu%e the presed full-time staff. 

Dr. WUderg, a frrll-the participant i n  our work is, nevertheless, supported 

in his Postdoctoral ‘ IPel lWip mostly Ford Fotmktion funds. Mr. West- 

phal, the third member of our tlteamtl i n  maw phases of the work is a 

Senior Ergineer in  the Division of Qealogical ScLemes ard as such receives 

Dr. Murray (Research FelLaw), Irene Goddard a& 

1 

parij of h3.s salary from the grant. Dr. Brown continues t o  be l i s t ed  

for 8alal.g purpwes, as 1/L t h e .  Eleanor H e l i n  (Research Assistant) has 

gona on t o  half- the status. Mrs. Evelyn Brown (unrelated t o  W. wlapm) 

conbimes in her capacity as AdmifistratiV8 Aide a d  receives partial  salary 

support. 

year. 

separately In Section 3 of this ~ e p o r t .  Secti6h k discasses briefly our 

Uis0nwj.a the mace Program, *fie ~ e c s o n  5 present;s a financial summary, 

In  addition, a c l e r k + p i s t  was -wed during m o s t  of the grant 

Graduate student participation i n  .the grant activities is described 



A major developmc.nb in the  sstabliahnaent of an espanded, emrgstic 

program of graduat? s tuw in lunar and planetary sciencc? has taken place 

during the Winter and Spring of '62-863. A new graduats program hading 

t o  a Ph.D. in Planetary Scbncp within the Division of Geological Sciences 

has been approved and w i l l  b c a w  effective in the Fa l l  of 1963. Four 

new graduate-level courses in lunar and planetary gaology, geochemistry, 

a d  geophysics all bp affered? Significant new e-sb on planetarg 

and interplanetary science i s  develupixg also in the Astronomy and Physics 

graduate programs. Accord-ly, Caltech, which has been a leader in 

planetary ani space research, now is takixg steps t o  assume a role of 

corresponding importance in graduate stubrrt trainixg in  these fields. 

During the grant year of l.962, one graduate student who has been 

supported the grant, 8ugh Millard, canrpleted his F L D .  work i n  meteorites 

(and chemistry). Anothsr stud911t under grant aupporb, Alexander W t z ,  Jr., 

init iated preliminary studiss of the  infrared properties of si l icate  

minerals Wiw possible applications t o  the Moon, arrl may do hia Ph.D. thssia 

in this area. the granb, is completing 

his vacuum thsrmal coaductivity studha and ralatpd lunar analyses and is 

elrpected t o  have completed his %.Do work by about thp  middle of 1963. 

David R o d e  i s  continuing hrls Ph.D. t h s s b  frmwMgation of the F l p n  Creek, 

Tennessee, structurp of possibb impact origin. He has carried out an 

Kermeth Watson, also stpported 

* Dr. hrrayhas accepted an appobhnexdi as Associate Professor of Planetary 
Science and wiU teach two of the new courses. 



extensive investigation of shock-induced thermal lamlnescence in conjumtrSon 

With h h  thesis investigation. His sunxner f ie ld  work (under the super- 

vision of Dr. PugerrP Shoemaker) is supported by the United State8 Gctologtcal 

Survey while his  laboratory and other investlgatLom durirg the academic 

year are supported bs the  Grant. 

Michael W e ,  who h w  received m i n o r  support fran the (h.anb, Srs 

canplating his thesis on the petrography of basaltic achondrite meteorites 

under the  supervision of Professor Ikon Silver. 

Two NASA tratreeshtps have been made available to the Division of 

Geological Sciemas and are b e i q  awardpd a t  prcfsent. More will be requested 

in conjunction wi th  a strong effort on our part t o  build up quickly the 

t o t a l  graduate student enrollment in mteorites axxi lunar ald planetary 

acleme t o  a goal of about U. or 12, i.e.) Buch that about 3 IL~W Ph.D.(s 

a year would result fran the Divblon of Geological ScbryceeJ 810s~. 

Inspite of the corsiderable publicity effort lqr NASA a d  others em@asizing 

the prxciting IW opportunities for reaearch i n  the "space" age, it SS no 

easy task t o  Overcane the strollg tendency of well-qualified prospective 

F'h.D. men Fn sciencp t o  choosp a traditional rather than a novel, relatively 

&rFed and cross-disciplinaq f ie ld  lik~ planetary scierxe. 

O n e  asppct of the NASA traineeship program that warrants mention hare 

i~ that the -dhfa, &&-tern effect Of 100 Of these V e v  

well-smarted 3 year stipends available t h r w o u t  t h e  caUrrtry is t o  

effectively lhit our incomhg graduate enrollne~& t o  abaut the number 

of new t rehesh ips  we w i l l  be able t o  offer each year; ani thjs develcrp- 

ment is occurring a t  the very tixne we w e  init iating whcrt we believe t o  

be a genuinely new graduate program in t h i s  area. Aqy promising applicant 

- 



I t o  graduate school who expresses even a passing interest in plamtary 

and space science is bound t o  be offered one clr the 100 or so trainee- 

Ships throughout the couIztry - perhaps even from a school Wfiich cannot 

offer as good research and educational opportunities as Caltech. The 

traineeship represents such a great amount of' h o m e  compared t o  the wual 

graduate research or teaching asaistarrtshLp that 3.t 3s expecting a lot 

of a student t o  pass up a t r a b e s h i p  inorder t o  go "hungrytt a b i t  a t  

what may be a better institution. Ironically, NBSB has gemrated an 

h f h t i o n a r g  bcrease in planetary and space science graduate atuderxt 

ttLaborlt costs and we are cast w i t h  something of f a d  wage scab and 

hence have been put a t  a competitive dbadvantage. A 

problem m i g h t  be found tf we were permitted t o  award a few one-year 

(whgch we prefer t o  three-year awards a m )  feuowahips in planetary 

arcIpII[I this 

science out of Grant funds. 

financial& competitive w i t h  the traineeships arrd would provide US ~ 5 t h  

These fellawshipe cuuld be mad0 t o  be 

enough flexibili* t o  compete effective3y far the best-qualtfied prospec- 



4. REIATIONSHIP TO !BE SPACE PROGRAM 

Althou,$ our central interest i s  i n  the util ization of graund- 

based techniques f o r  the  irmestigatlon of the Moon, planets, ani meteorites, 

direct participation i n  the space program seems desirablp in  certain 

areas. Dr. &awn has btwn carrying out a sgetematic investigation of 

meteorite and rock armlysps as determimd 

technique comparable t o  that cozrtemplated for  use on the Survcsgor vehicle. 

He is being aasistsd i n  t h i s  by Hr. Iichtporuk and Mrs. Helin (1 /2 time) . 
The Surveyor vehicle program itself has progressed at  a slower rate than 

was anticipated a t  the t h e  the aupportillg work under grad N8G %-6O 

was initiated. Heme the lunar x-ragr f l u o r e s c e ~ o  experimelrt w i l l  be 

& w e d  substantiaUy; the level af related work under 56-60 has also 

been reducpd somewhat. The x-ray expprhent is, however, a most importallt 

tool  f o r  the direct investigation of the lunar surface and the prrj8ent 

*tslowdowntl should not charge (and i n  our case has aot changed) the 

ultiroate objective of high quality x-rqy fluore8c~nce analgsos of lunar 

surface materials for comparison w l t h  a vast backgrourrd of sfinilar analyses 

of rwteoritss and terrestr ia l  roclcs. 

an x-rqr fluorescsme 

Dr. &array corhinu~s t o  ~ ~ D b a r ~ t e  Dr. Robert kighton (and 

Dr. R. P. Sharp) on the design and development of a television oxperimenh 

f o r  the Mars Mariner mission in 1964. Thls mission has also experierrced 

a major reduction 3.n scape due t o  vehicle cornideratiom. Haever, the 

TV experiment apparently w i l l  be flown, although with =Jar reduction 

%n to t a l  information t o  be recovered. Plam are presently being mrked 

out with D r ,  h i & t o n  t o  begin studies of the effects on photogeological 

interpretatio- which may c h a r a c t s r h  TV pictures af law 



geographic resolution compared with tihe usual aerial photographic m&erial 

available in terrestrial applications. 

Dr. Hurray, in conjunction with Drs. @rly NongPbauer a& W i l l i a m  M. 

Sinton, 8ubmittc.d a proposal In JUIY!, 1962 f o r  a minimal infrared mapping 

experiment aboard the proposed surveyor-orbiter vehicle. To data WP have 

not been informed of a decision by NASA in this regard. 

Dr. lfumqy has, i n  addition, cormidmad infrared expsrinnents from 

probes Ln gemral as compared t o  that can be dom fran the ground and 

from balloorrs. 

inportarrco t o  the problem of remote determination of surface envhoaaerrts 

on the Moon ald Mars but only by axploitlng the puteatial of high geogra- 

phic resolution. 

htrurpents because of the high image motion characteristic of either 

fly-bgs or orbital  vehiclee. 

Probe eqeriments in the infrared can be of comiderable 

To do thb appears t o  require at least moderate aperture 
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Sumnary and detailed information regarding expemlitures during 

the grant year are presented i n  Tahles I and It. 

report the following equipment purchases in 8xceas of $1OOO.oO, in 

accordance with the stfpilatiorrs of our grant. 

In addition we wish t o  

1. Work Orders #90585 and #OS& t o  Cerrtral Engineeriag Smices  

of Caltech for the  design, fabrication, a d  servicing of a 

prototype 19 inch izfrared telescape (but exclusive of the f/2 

primary mirror which belongs t o  the Mouxln; Wi3eon and Palomar 

Observatories). Total. amount, $3~00.00. 

2. Purchase Order #66153X t o  the Ash Dams Conpaqy, Cadon, c&So 

for a 12'6" hand operated prefabricated dame. 

3. Purchase Order #68309X t o  Max Erb Canpaqy for the purchase 

of a petrographic microscope. T o t d l  mount, $2251.00. 

Total amounb, $l.&)8.25. 

P 



T A W  I 

Year Salaries Overhead Materials* TOTAL 
and Benefits and snppliea 

1 

2 

(1 Dec.160 - 30 Nov.r6l) 77,066 38,610 29,595 l45,271 

-% 
Actiml. costs plus (or m i n u s )  differerne In otxtetanding camnitmsnba 
a t  beginning and ending of Grant year. 
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- 3  
Expendlture Breakdown 

Labor - 
1. Salaries, professional perso- 
2. Salariee, secretarial 
3. Labor charges, Institute 

4. Services, Division 
(Engineering, transportation, etc. ) 

(Techniciara and Analysis) 

Overhead 

1. Applicable portion of items above 

Material 

$71,373.00 
6,500.00 
1,132 . 00 
3,080.00 

$42,782 00 

Laboratory equipment, misc. , travel, etc. $Ir0,210.00 
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ATTACHMENT t o  Third Annual  Report fo r  Orant N8G S O ,  dated Mey 24, 1963 
f 

2.1 INTEz0rxlcT10N 

We are departing from the  procedure used in the two previous 

annual reports regarding description of research. Alfiho- the Sumnarg 

of Research section is & I l l  bound as a separate attachme& t o  the 

present report, as has been the case previously, we are not distributing 

it widely nor is it as detaued as previously. !&e reasoa~ f o r  thh 

charge back t o  a more cornrentionel form of anratel report Lt: 
u 

(1) We have 

reached a stage where it 3.3 all we can do t o  get descriptions of our 

work out in the form of preprinbs; and, (2) It appeared that relativaly 

feu of the ameral hundred people t o  whom the Summary of Research section 

was sent i n  the past read it care- enough t o  warrant the comlderahly 

increased preparation burden on our part. 

Xn the present case, the relevant publications either oursalves 

or & others are referenced i n  the appropriate sections that fdlow. 

Inasmuch as twerrty-five copies of all preprints (if these are distr5Med 

a t  all) and reprints are sent t o  NASA, a d d i t f o d  copies are not included 

here. 

The topics in the following pages i l lustrate  that our irrterests 

are becoming increasingly observatioI.lally oriented, trtjliz;ing both telea- 

copes and new laboratory t o d s  as w a l l  as some of the more convenrtbnal 

ones. The u l t h a t e  objective of the work remains unchanged, howsver. 

This is the unraveling of the extraterrestrial physical, chemic& and 

geological records recorded i n  meteorites aml on the surfaces of the 

11- 
planets and the Moon. 
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Rn, rdativaly minor aspects of our work which are not iacluded 

in the fallowing are discussed by R o d e ,  et al i n  aDyIlemic Penetration 

Studies in  Cruslied Rock Under Atmospheric a d  Vacuum Corditiom", 

Technical Report No. 

Measurements of Steep Lunar Sloped*, Publioatiom of the Astrormdcal 

Socb'by of t h e  Pacific, April. 1963. 

32-242, JPL, April 6 ,  1962; and Pahn in "New 

. 



2.3 

2.2 OBERVA'I'IOIS OF 8-3.4 MICRON RADIATION FROM !ELI3 IDON, PIAMETS, AND STAR3 

bs 
buce C. Murray, R o b r t  L. Wilcky, and James A. West~hal 

In  .i;he last A n n u a l  Report brief reports were given on preliminmy 

attempts t o  construct ard operatp an 8 4  micron phofwter  incozyorating 

a mercury-doped germanium photoconductor coohd wi th  liquid hydrogen. 

The &&ometer was succsssfull;r conapbtad in the Sprm of 1962 and then 

mounted on a speciaUy-corrstructsd, portable, 20 inch telescope lacatsd 

a t  12,800' elmation on White Mountain, Caltfornla (W~etphal, Murray, 

and Marta 1963). During August and September of 1962 we werp abls t o  

make maswamxrts of emitted infrared radiation from the shaded (nighttime) 

lunar surface, obtaining both the lumtion coolisg curve obsarvatfoas into 

the  first l.60 hours of the l w  nighttime and observations of anomalously 

high tenporatures from certain lunar areas (Mimay and W i l d e y ,  1963 a,b). 

We also obtahed the flrst observatiom of 8 4  micron radiation emanating 

from Outside the solar system, from the star a Ori (Murray and Wildpy 1963a). 

During October and Bcember of 1362 we were permitted t o  place the 

M&zi&?br c a t h e  f/l6 foclls of the 200 inch tebscope and observe both 

planetary a& stellar objscts during the morning and evening twilight per- 

iods. 

as w e l l  as Jupiter arrl the Galilean satel l i tes  (Murraig and Wildey, 1963 c) 

and VP~?UQ (Murray, W i k i e y ,  and wc~stphal,1963). I n  addition, Westphal 

has been carving out an extensive program of observation of atmospheric 

A total of 25 stars were obsemed (Wildey and Murray, 1963 a,b), 

mxtinction and. emission a t  White Mountain, Palomar, Mount Wilson, and 

elsewhere; preliminary results of this investigation w i l l  b presented i n  



Because of the rapid expansion of this area of our work, and because 

of its application t o  t h e  general field of grwrd-based astrcnqy, 8uppl.e- 

merrtary fund8 were requested from, and awarded bg, t h e  National Scien?e 

F W t i o n u r d e r  Grarh G-25210 from July 1, 1962 t o  June 30, 1963. 

M a y ,  B. C. and R. L. Wildey, "Stellar and Plarrtam Cbervationa a t  
10 Micronstt, Astraphysical Journal, l37, p. 692 , 1963. - 

, "Surface Tenqerature Variatiorns During 
the Lunar Nighttimen , S&mitted t o  the Astrophysical Journal, 

, ttObservatioas af mater azxl the Galilean 
SateZli't 8s a t  10 M i  crozW, t o  be presented at tho 12th A n n u a l  

Astrophysical Symposium, Udversi$y of Liege, Belgium, June, 1963, 
aad published i n  the Proceedings. 

Mapping of Venus Throw the 8-l4 Mtcron Atmospheric Wind&*, 
Submitted t o  t h e  Journal of' G-aphysical Research; A preliminary 
report appeared in Scleme, April 26, 1963. 

WestNal, J, A., Be C. Murrqy, and D, Martz, "An 8 4  Micron Ixfrared 
Astrommical Fbotonetertt, Applbd Optics, 2, 1963. 

Westphal, J. A., "New Observations of Trmmission and Tni8sion in the 
84.4 Micron Wind&, t o  be presented a t  t h ~  12th A n n u a l  Astrophmical 
~ o s i m ,  Universib of Lbge, EM&UE, Jtme, 1963, 3116 p-!!li&ed 
in the Proceedings. 

Murrw, B. C.: R. L, Wildey, and J. A. Westphal, "Infrared Photomtric 

(in press) 

Wildey, R. L. and B. C. Murray, "Ten Micron Photometry of 25 Stars from 
B8 t o  M7", sub i t t ed  t o  Astrophysical Journal. 

, 'Y%eUar Photometry a t  10 Microns - First 
u l t s  andFut u r e  Prospects", t o  be prmserrted a t  the 12th A n n u a l  

Astrophysical Symposium, University of Liege, Belgium, June, 1963, 
and published i n  tho Proceedings. 

3. -3' 
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2.5 

Robart L. Wildey 
Howard A. Pohn 

In  the preceding annual report it was poilrtqd aut (Murrrgr and Pohn, 

1962) that implicit i n  the  data of Fedoretz (1952) was a phase lag in 

the nra~iraun brightness of lunar features; t h e  greator t h e  maximum bright- 

ness the  greater the lag behimi zero phase a t  uhlch It FB exhibited. 

Feboretat and m o s t  &+r brightnees work has been based on purs 

photographic pkotonetq which, in addition t o  passssirg large random 

errors, freqwrrtly contalm quite large scale and zero point errors. 

We have made photoelectric observatlom during 8 lunations on a 

to ta l  of 16 ntghts, using the 60 inch telescope af the M d  Wilson 

Observatory, obtalnlng a t o t a l  phase allgle coverage of from 29' before 

minimum phase until 25' aftar minimum phase. 

angle through which obsarvatiom have been collected ha8 been 29. 
The data reduction I s  not y e t  comphts and the med for collecting 

further obsprvations remaim a possibtlity. Only prelbtnary results 

can be reentioned h9re. 

The snalbst minimum phase 

The data w r e  coUActed using t h e  >color dtrect photoelectric 

photrnnetgr of the M d  Wilson Observatory (Walker, 1957; Varsavsw, 

1960; Wildey, 1962). 

and yellow using 2-mm Corning 9863, 1.3-m Schott GGU plus 0.7-mn 

Schott B[112, and 2-mn Schott GGU respectively. With the response? 

function of the lP21 photomultiplier, the three bands closely appraxhte 

those of the UBV magnitude-color index aystsm of Johnson and Morgan 

(Johnson, 1955). 

Observations were made in the, ultraviolet, blue, 

On each night that the moon was observed, from 15 t o  30 
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Jahnson Standard stars were ala0 observed (Johnson and Morgan, 1953). 

Thus the photometric data for each ni@t was corrected for atmospheric 

extirrction a& transformed t o  t h e  UBV a y s t g m  using a program developed 

for the IBM 7090 bj A b e l l  (private comunication). The data ma;y thua 

be conpared in relative bri#hness ami color wlth a l l  the stars that 

have h e n  measured on this system or tramformod t o  it, 

part of the d h t i o n  error is also removed in this uay. 

sjgIljgicarse, however, of using the UBV system is that  it can now be 

related t o  average watts/cm /steradiaq/aqstrom and t o  an appropriate 

effective-wav~lmgth for each radiation band, thruugh the absolute 

calibration of a few br-t stars by Wllhtrap (1962) and photoelectric 

spectrum scam of s tars  of meamred U, B, and V. 

The major 

The real  

2 

It now seems clear that t h e  25 features imf?stigated, b c l t d b g  

maria points, br-t ray craters, and aged ray cratere, all achitws 

their maximum kightness a t  minimum phase; the data of Fedoreta are not 

confirmed, A bro-valuedness in the brightness versw phaae relation, 

*ere the choice of curves is fixed 

appears t o  reflect that  the light mattering law describing th9 lunar 

surface is not degenerate i n  aqy of its three hgrees of fredom. %e 

whsther the moon is waxing or wanj.ng, 

strollg dependence on phase angle has been known f o r  sane time, In add- 

i t i on  a baser  dt?pe&ncs on elevation axagles of the sun azxi of the observer, 

respectively, removes the uniqueness of the observationalbrightmss veraw 

W e .  'Ibis is due t o  the fact  that during a sequenc~ of earthbound ob- 

orvations t h o  two elevationangles are Rznctionrr of the phase angle in 

a wqy which &peds on t h o  sdmographic coordinates of a given lunar fea- 

turps The observations show t h a t  f o r  features near zero longitude the 

Wax- and wanjag curves coimide, which is t o  be e-ected under the above 
-A 



hypothsab, hcausrs in this cas0 ths two elmation angles are the same for 

waxiw aa for waning phase angles, For Sast selenographic longitude the 

w a x i n g  curva is steepm than tho waniw curve, the deviation between the fwo 

curves becoming greater t h s  further east om goes. 

progressive deviation with West longitude, wlth, however, t h e  wanirg curve 

being the stoepnst. Thb affect has baen earlier rep0rtc.d by Van Diggelen 

(1959). These effects are implied the nomdegeneracy, Fa a t  least  

the ebva-bion angle of the 8un, of the  aforementioned li@t scattering 

law, 

that  t h q  l a w  is of t h s  saw p m r a l  form over tha whole lunar surface. 

This suggpsts that  t h s  form of the Law is nut strongly associatedwith 

the  resolved goomorpholo~ of the moon, except for t h e  t o t a l  diffuse 

plus specular reflwtivity. I h n  lack of d v m s a l i t y  over ths lunar 

surfam of the scattaring law will not be knwn unt i l  t h ~  data have b e n  

subjected t o  f'urther analysis. 

* O n e  also sees a 

But, perhaps more important, t h t s  ts true only und-r t h o  assumption 

These r o s u l t s  are b s h g  prepared for  publication, and attempts w i l l  

be made later t o  f t t  m o d e l s  t o  the data that are basad both on microtop 

ographic shadowing and Miin scattmring off of a phne-paraUel atmosphera. 

- * (Astronomical East - not astronautical East) 
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Department, p. 13, 1962. 
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2.4 T " A L  COMXICTI'VITY OF PMERS IN VACUUM 

Kenneth Watson 

Ihe  apparatus discussed i n  a previow annual report haa been i n  

use for the past academic year. The thermal colrhxct1vit;v of a variety 

of quartz, glass, and olivine powders are be- measured ald 'th results 

of this stu4p and its application t o  the lunar 8 - P observations arc! 

be- prepared for publication. 
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2.5 THE STABIUTY OF’ VOIATIIES IN THE SOUR SYSTEM 

Kemth Watson, Bruce C. Murrv, and Harrison Brown 

We have exbended aur study of tho stability of common v0lat i I .e~  

(water, carbon dioxide, methane and annnonla) on tho surface of fhp Moon 

(Watson, Murr8y and Brawn 1961 a, m1 b) t o  the surface af bodha i n  

the solar Wtem whtch do mt have suff ic ient  mass t o  retain a permanerst 

atmoephare (Watson, Murray and Brown, 1963). Tho results of thb stu@ 

indicate that: (1) the lifetinw of the most 8tabb volat th  ice, water, 

is detemnined &y i t a  evaporationrate at 8mallhaliocerrtri.c distance8 

and the Pqynbfrrg-Robertson effect at Large distances, (2) that the 

“duety icen model for comets provides ineufficLmt shie ld iq  t o  retain 

volatiles for pertods of time lotger than a few million years i n  their 

present orbits, (3) that the Asterold belt occurs at a heliocentric 

distance where the atabilfty of water ice chagee rather abr@ly frm 

atable t o  unstable i n  terms of a biJlio-year tima scale. 

Watson, K., B. Murray, and H. Brown, On t h e  Possible Praseme of Ice on 
the Moon, J. of (k0phS.s. Research, - 66, 5, s98-1599, 1961. 

, The Behavior of Volatiles on the 
Lunar Surf ace, J. of Geophya . hesearch, - 66, 9 ,  3033-3045, 1961. 



David J. R o q  

An Srrterest3.W comeqwnce of the vis5.bk phatoenetry of the moon 

has been the report of lutni.r-h?sc~nc~, from certain areas of the lunar 

surface (Koqrev, 1956; Dubob, 1957; Gralngar and R b g ,  1962). 

been suggested that th is phenomena ts consistent with the fact  that certain 

minerala ,which are abtu&& t~rrestriaUy,lumimescems when irradiated 

with the approprhte electrcmagnptic or particle radiation. Furthermore, 

since 110 lunar atmosphere of consequence exists, solar ultraviolet, x-ray, 

and parkicle radiation are  i m i d e &  directly won the surface of the Moon. 

Portiorm of this radiation are of course potential sources f o r  excitation 

and embsion i n  the visible spectrum. 

It has 

Altho- only a l h i t t e d  amount of data have been published from 

actual lunar observatiom, the previous research in this phexmwna has 

presentecr two irrteresting aspects, namely the largo lunar areas reported 

t o  exhibit lumimscerrce and their high emission W e m i t i e s  (in the  mdnr 

of 5-2m of the t o t a l  reflected light). Both of t31~se conditions, the 

size of t h e  l*minescerrt areas and the high lumimscmt int;ensiti.es, however, 

have not been treated in aqy quaxtitatiw discussions. Using  t h e  published 

distribution and intensity data, the writer calculated the values for the 

relatiorships between the reported lmimsconce and certain fundamental 

parameters; the availability of suff icienli excitation energy, the eff ic- 

iency of emission, and the areal distribution. 

Calculation of a simple ewrgy blame equation util izing the  spectral 

d i s t r ibu t ion  of solar snergy and mean lunar albedos suggests that there 
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is su f f i c i en t  energy in only broad band absorption (on the  order of loo0 8 
or more) t o  produce t he  observed vis$.ble emission. 

w i t h  most t e r r e s t r i a l  minerals which have r e l a t ive ly  narrow shod wavelength 

absorption bands on the o r b r  of only  several  hundred angstroms. S~me 

data has been published attempttirg t o  relate solar flare a c t i v i t y  t o  

luminescence (Link, l962) sirrce variation3 in the shaplt wavelength spectrum 

of the  solar constant can change by severa l  orders of magnitude. However, 

absence of appropriate observational data prevelcts pronf c$ this re la t ion-  

ship which poterrt ially could provide sufficient narrow band absorption 

anergy. 

This  is a t  variance 

A second calcuLation was made r e l a t i n g  the e f f t c i e m y  of emission 

and the areal d i s t r ibu t ion  t o  t h e  reported lumimsceaco values. 

campariaon is made of the  e f f t c i w c y  - a r e a l  d i s t r ibu t ion  combbations 

which are aece8aar3. t o  produce t h ~  reported l m b s c e n c e  it is c h a r  that 

m nom1 t e r r e s t r i a l  mineral assemblage or areal d i s t r ibu t ion  could 

possibl;. f i t  the lunar observations. Eff ic ie rqr  values in  sxcess of ID$ 

cowled w i t h  a r e a l  d i s t r ibu t ions  greater  than 35% ( p e r c d  of t o t a l  area 

observed that is lumimscent) woiuld be necessaqy t o  produce the  observa- 

tional data. The e f f i c i e m j  limitation is particularl;r  severe s ince 

naturaUy occurring s i l i c a t n s  (not commercial phosphorous) r a re ly  have 

a n  emission e f f i c innq j  a s  graat as one p e r c a b .  

If a 

If the o b s r v a t i o n a l  data is i&ed correct  then c lea r ly  4210 1- 

b s c e r r k  matcrial must have cmrtain amiasion propert ies  quite diff-rerrt 

fron t m r e s t r i a l m a t e r i a b .  It is log ica l  t o  rxpect severe rad ta t ion  

damage t o  have occurred and porhaps th i a  could be the mchanisn t h a t  has 

altsred 

p r e c b e  

the sol id s t a t e  properties t o  allow an oase of exci ta t ion.  This 

effect has not been a p e r b n t w  investigated on fhe types of 

2 3  
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minRrala that one cuuld a p c t  on the lunar surface and sort can only 

be suggested as a possible atplanation, 

Recourss to such an unusual (unusual tcJrrastrial&)gwhemical or 

a mineralogical distribution r&ich could produce t h e  observed data is 

so removed fran terrestrial =qAsncs  that it cannot be argued at this 

tine. 

During lunar cycle &on the sun's ensegg I s  not directed upon 

the lunar surface therP ia a w r y  small mount of energy recsived from 

deep spaca, A s-b calculation slim that even if a l l  of t h i a  enmgy 

could be stared in  the surface minerals it could not account for the 

reported h v d  of lumimscmcc.. N P ~ ~ P S S  to sa~y the problem of radiation 

damage conqlete wikh trace ~l.mmt acttvators an3 their relationship t o  

lmimscencr further compounds the dLeficulty of experimentally approaching 

thie problem. 

lhe  preserrt state of the obsarvattonal data suggests comiderabb 

questfon may be applied t o  aqy luminescnme Merpretatlon for the surface 

of the moon. This  opinion SS based prsdombtdy on tsrrestrial analogies 

of e f f i c i e m k s  alld arqal distributions of naturally occurrhg luminesce!zrt 

minerals. 

perhaps lumimscsncc! is possibb. Hopefully, mor5 precise laboratory and 

t s h c o p e  data which can be appliqd t o  t h h  problem w i l l  bc available 

If some special mchanism has been or is in operatton, then 

in t i l t ?  mar flrture. 
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Dubois, J.[l959), Contribution A YEtude De Le Luninesceace I n n a h ,  
Row. Czech, Acad. Sci. 69, Pt, 6. - 

Koqrev, N. A.(1956), I h e  lmiwscerm af the  lunar surface and the idelrriw 

of solar corpuscular radiation, &v. Crenwan A s t r m  Ob., -0 I6 
p ~ .  I48-I680 

Lirk, F. (19621, Lunar Eclipses, Chaptqr 6, pp. 209-217, in phss i c s  and 
Astronomy of the Moonr edited by 2, IC@, Acadmic Press, Ncrw Pork. 
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2.7 METEORITE CHEMISTRY AND PETROGRAPHY 

Walter Nichiporuk, Arthur Chodos , Eleanor Helin and Harrison Brown 

During  the past year, calcium, manganese, chromium, i ron ,  nickel 

and cobal t  have been determined by x-ray fluorescence on a number of 

important s t o w  meteorites including representat ives  from chondrite and 

achondrite fa l ls  as well as finds. 

Brief ly ,  samples ranging in  weight between 1 and 2 g (taken at 

random) are treated successively with 3.ON, 8.ON, and 15,ON n i t r i c  acid. 

After digest ion so lu t ions  containing undisolved materials ( s i l i c a ,  vary- 

it?g amounts of pyroxenes, chromite and the l i k e )  are evaporated t o  dry- 

ness  and t h e  solids are baked at 80OoC. 

mesh. X-ray  analyses are made i n  a Norelco Vacuum Spectrometer using 

1 percent zinc - based on untreated air-dry samples - as an i n t e r n a l  

s tandard f o r  i ron ,  cobal t  and nickel. 

t a r g e t  and l i t h i u m  f luoride and EDT analyzing c r y s t a l s  are suitably 

coupled with a Norelco flow proportional o r  a s c i n t i l l a t i o n  counter. 

The precise peak locat ions are determifled by counting ca re fu l ly  over 

each peak. 

error of  0.k pa- cefit aad better. 

They are ground t o  pass 200 

The rad ia t ion  is from a tungsten 

Counting statistics are s u f f i c i e n t  t o  give r e l a t i v e  standard 

The r e s u l t s  have been promising. A series o f  synthe t ic  standards 

and ca l ib ra t ion  curves have been prepared which are pa r t i cu la r ly  appro- 

priate for the  measurement of the elements s tud ied  i n  si l icate matrices 

of var iable  compositions. 

A comparison of our preliminary r e s u l t s  with the r e s u l t s  obtained 

by o ther  workers from wet chemical analyses is given i n  Table I. Addition- I 

al comparison is given wi th  determinations of chromium by neutron ac t iva t ion  
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( 3 )  and of manganese by emission spectrography (11). The chondrite 

falls  and f inds are c l a s s i f i ed  i n  t he  last  column as being e i t h e r  the  

high (HI o r  t h e  low (L) i ron groups of grey and Craig (1). 

exception of the Forest City chondrite fa l l ,  a l l  c la s s i f i ca t ions  we 

With the  
4 

l i s t  are new. A subs tan t ia l  f rac t ion  of these c l a s s i f i ca t ions ,  howem=, 

are not ye t  completely ce r t a in  because our i r o n  values f o r  t he  chondrite 

f inds  i n  par t icu lar ,  appear to be consis tent ly  higher than the  wet -  

chemical i ron values and these dirrerences are su f f i c i en t ly  large t o  

cause corresponding changes i n  t h e  c l a s s i f i ca t ion  if the  wet-chemical 

i r o n  values are used instead of our present values. The cause of  these 

differences is  not e n t i r e l y  clear.  

a t  t h i s  s tage of our analyses the statistics f o r  most of the  listed 

It could r e s u l t  f ron  t h e  fact t h a t  

chondrite f inds are poor and the  s ing le  analyses we repor t  f o r  many of 

these f inds  have been made on powders t h a t  have been i n i t i a l l y  ground 

r a t h e r  coarsely f o r  the purpose of our exploratory determinations. 

This crude grinding could have given rise t o  la rge  segregations i n  the  

composition, t he  s t ruc ture  and the relief of the powder surfaces  which 

are ac tua l ly  the  portions of the samples which are being analyzed i n  

t h e  x-ray fluorescence analysis. We have now carefu l ly  reground these 

powders t o  pass 200 mesh and w i l l  perform upon them new i r o n  determin- 

a t ions  exposing each time a new surface by vigorously shaking the  powders 

i n  the  holder pr io r  t o  the analysis, which i s  really the  procedure we 

have been following f o r  a l l  samples of falls. 

There i s  no disagreement between x-ray fluorescence and wet-chemical 

i r o n  values f o r  Bruderheim, MOCS, and Kyushu chondrite falls, and also 

f o r  the  Makoia carbonaceous chondrite fa l l .  For the  Abee ens t a t i t e -  

chondri te  f a l l  two wet-chemical i r o n  values have been reported (41, t he  

higher value f o r  t h e  groundmass and a lower value f o r  a la rge  fragment 
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which has been found as an inclusion i n  t h a t  groundmass. Our i r o n  Value 

is c loser  t o  t h a t  for  the groundmass, although i ts  precision is poor. A 

major source of e r r o r  appears t o  be i n  micro-inhomogeneities i n  the pow- 

der s  which, as is  obvious, are  not completely eliminated even by grinding 

t o  a f i n e  p a r t i c l e  size. 

The nickel r e s u l t s  agree qui te  well with wet-chemical determinations 

of t h e  element and no constant bias i n  any par t i cu la r  d i r e s t ion  is  evident. 

The calcium r e s u l t s  are generally lower by a b u t  10 percent than the wet- 

chemical calcium results and czgain, like i n  the case of i ron ,  t h e  dif- 

ferences 8eem t o  be greater fo r  chondrite finds. By cont ras t ,  mangan@se 

is i n  a sa t i s f ac to ry  agreement with both wet-chemical and spectrogrphic 

manganese. 

average between the  higher wet-chemical and the  lower neutron-activation 

chromium values. 

Our chromiun r e s u l t s  general ly  appear t o  be close t o  the 

Some t en ta t ive  observations can be made at  t h i s  s tage of  our invest-  

igat ions.  

are general ly  much higher i n  achondrites than i n  chondrites. In  Pa8a- 

mont, which is  a howardite, and i n  Shalka, which is a chladni te ,  these 

r a t i o s  seem t o  be a least as high as 1300. 

It is seen, f o r  example, t h a t  the  r a t i o s  of i ron  t o  nickel 

Also, s i m i l a r  though smaller, var ia t ions  e x i s t  i n  the r a t i o s  of 

chrcxim t o  mmganese, The Eckcia carb=mceous ehandri ts  bas a r a t i o  

of 2.0, whereas ordinary chondrites have r a t i o s  of 1.0 o r  near ly  1.0, 

and the achondrites show a range of r a t i o s  from 0.23 t o  1.82. Except 

f o r  the  possible contributions from loca l ized  inclusions of chromite t o  

t h e  r a t i o s  which are grea ter  than 1.0 i n  achondrites (Johnstom and 

Shalka) we have a sequence carbonaceous chondrite-ordinary chondrites- 

achondrites,  i n  which there  i s  a progressive deplet ion of chromium r e l a t i v e  

t o  manganese. Whether o r  not t h i s  systematic sequence is  co r rec t  and 
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whether o r  not i t  is also a genet ical ly  s ign i f i can t  sequence, will per- 

haps become clearer when more carbonaceous chondrites and more members 

of t he  two broad subclasses of achondrites have been examined i n  our 

fu r the r  studies.  

Whereas it is clear t h a t  the individual  ohondrites which we have 

inves t iga ted  i n  grea te r  d e t a i l  (e.& Richardton) do not show any sig-  

n i f i can t  differences i n  t h e  absolute concentrations of the elements 

studied, the Norton County achondrite does show s ign i f i can t  differences 

i n  these concentrations from one sample t o  another, and the var ia t ion8 

i n  i ron  and nickel  appear t o  be i n  the same d i rec t ion  as the  var ia t ions  

i n  calcium, manganese and chromium. This coherence between the  two dif-  

f e r e n t  groups of elements shows t h a t  t he  major proportion of i ron  and 

n icke l  i n  t he  stone is not i n  i ts  sparse metal phase, but  i n  the e n s t a t i t e  

crystals where the ion ic  subs t i tu t ions ,  rather than the element a f f in i t ies  
determine the observed trends (0.g. Fe ++ and Ni* subs t i t u t ing  for Mg*, 

Mn* f o r  Fe* and Mn* fo r  Ca*). 

During the last year a number of stony meteorites not l i s t e d  i n  

Table I have been obtained from Nininger Meteorite Collection, Arizona 

S t a t e  University, and these are now being prepared f o r  study. 

sec t ions  of eighteen of these stones have been prepared. 

been also obtained from the  American Museum of Natural History i n  New 

York and t he  Australian Museum in Sydney. 

Thin 

Samples have 

PUBLICATIONS 

Duke, M., Haynes, D., and Brown H., "The Petrography and Chemical Compo- 
sition of the  Bruderheim Meteorite,w J. of Geophysical Research, - 66, 3557-3563 ( 1961 I 
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2.8 METEORITE AND ASTEROID SYSTEMATICS 

Irene Goddard, Hugh Millard and Harrison Brown 

A statist ical  study has been made of some of the  non-random mpeCtS 

I n  the  in t e rva l  of the frequency of meteorite fall as function of time. 

of 1 - 1300 days, non-random assemblages have been found a t  periods other  

than one day and one year, together with in teger  multiples thereof. 

Although it is possible t h a t  some of the assumed periods are ccrealn i n  

the  sense t h a t  they have physical s ignif icance,  t he  statistics make t h i s  

appear unlikely. 

The least random assemblage i n  the  neighborhood of one-year does 

no t  occur at exact ly  one year (365.24 days). 

two par t icu lar ly  non-random assemblages, the  first a t  about 364.46 days 

and the  second a t  366.1 days. The l a t t e r  appears t o  be linked with the 

high-iron chondrites. 

Instead there  appear t o  be 

The reasons f o r  t h i s  curious behavior are unknown. 

Histograms showing t h e  number of falls  which have been observed dur- 

i n g  specific times of  the year, dividing the  year  i n t o  20 equal par t s ,  

i nd ica t e  a m a x i m u m  i n  late January due t o  low-iron chondrites, one i n  

mid-May due t o  high i ron  chondrites and one i n  late August and early 

September r e su l t i ng  from low-iron chondrites. 

of the groups appear t o  change with time. 

The r e l a t i v e  frequencies 

Indications of "clusteringH of  meteorites i n  o r b i t  have been obtained 

by p lo t t ing  the  time of f a l l  during a year against  the  time of f a l l  i n  a 

period consis t ing of an integer  number of years. Marked c lus te r ing  is 

noticeable i n  the high-iron chondrites as w e l l  as i n  the veined-hyper- 

sthene chondrites on a five-year period. 



c 4 

2.26 

As an example of a cu l tu ra l  e f f ec t  upon the observed rate of meteo- 

r i t e  fa l l ,  it has been found tha t  i n  Western Europe and i n  North America, 

which are predominatly Christian regions, observed daytime falls on Sundays 

a re  about 30$ lower than average and nearly 40s lower than the average 

excluding Sundays. Although t h i s  difference is appreciable, it is  sur- 

pr i s ing ly  small. 

The accumulated evidence strongly suggests t h a t  the non-randomness 

of the  observed rate of f a l l  of meteorites as a function of time of year 

is  due primarily t o  astronomical fac tors  ra ther  than t o  cu l tu ra l  ones. 

The histogram of falls per decade contains a t  least three peaks and 

a sharp decrease after 1940 which is believed t o  r e f l e c t  a decrease i n  

the rate of i n f l u x  of meteorites. 

r i c h  achondrites pa ra l l e l s  the peaks i n  the  falls per decade histogram 

very closely.  

The yearly fa l l  pat tern of the calcium 

The meteorite s t a t i s t i c s  are being processed fur ther .  I n  addition, 

t he  o r b i t a l  charac te r i s t ics  of 1653 asteroids have been placed upon punch 

cards. 

re la t ionships  between meteorites and asteroids.  

This marks the beginning of an e f f o r t  aimed at  determining fur ther  
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